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Abstract
In this paper, we consider transporting a liquid container on a cart containing an active vibration reducer, which has a parallel

linkage mechanism with six degrees of freedom. Sloshing in the liquid container is generated by the movement of the cart
running on an uneven road. To damp the sloshing, the liquid container is tilted and moved horizontally by using the active
vibration reducer. The damping control system consists of both disturbance suppression control (DS) and a frequency-
dependent optimal servo (FS). The acceleration added to the container while the cart is running on uneven roads is reduced by
using DS. The residual sloshing is suppressed by using FS. In this study, only (1, 1) mode sloshing is modeled as a pendulum-
type sloshing model in the control system. When a suddenly changing acceleration is added to the liquid container, higher-
mode sloshing that is not modeled in the control system is easily generated and causes spillover. DS is also useful to avoid this
phenomenon. The weighting matrix of the quadratic performance index for FS is efficiently determined using a genetic
algorithm (GA). The amplitude of sloshing is considered for GA fitness. Further, the usefulness of the proposed control system
is verified through an experiment. Using both DS and FS, the damping performance improves by approximately 79% compared

to without control, and 18% compared to using FS alone.

Keywords : Sloshing, Damping control, Parallel linkage, Frequency-dependent optimal servo, Disturbance suppression

control

1. #

HEEYCH M OHRICIE, BIIREROY AR v a VR ERHVWLATEY, ZOHlEGES U TREL ¥ =
L—2 B (GEAM, 1997) X0, AWA 7 v 7 8Em (HH, &I, 1998) BMERSh TS, £, KIFETY
L— 2 OfIRIZE, BRI 2 RET 2 EBIRESI TS G, 2018). #RIKZ v 7 OfliR#EEC
DWW, ATA4 T > 7 F— Fiilil (Bandyopadhyay et al., 2009) <272 3A hlf#l (Yano and Terashima, 2001)
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Fig. 1 Experimental apparatus. Fig. 2 Pendulum-type sloshing model.

KWFFETIE, STV BT 0T ¢ TR A LT A R IS Ko THRIR X V7 ok T 5 2 L &%
25, IR 7 ORHIEE) (Aa v 7)) ORRRIET 77 4 7RSI L > TIT Y. Ar v v ZOfilEH
BNZDWT, T VLY BT 7T 0 TR EER A FVZA%E (04, 2015), (Hamaguchi, 2019) 236 5723,
INOITKEREORZRRE LTEY, MNBEHOGEEZMRE LTV, THEE T e & ORjg S iz
N THIVUIKERE TCOETEE ZIULEW. L L, BYofhE L, KFEIZTEXR0nEEe, BAOE#M I
TV WK COWEEZ MR LT HZ LITLY, KV EANRIE S AT LEHBETELLDEEZ 5.

AWFETIE, T VLA BT 7T TR A SR L ook B # S MR A ERETT S E 2SS O
K& 7 ORIIRIERIE AT Z L2 BB LT 2. AR (RAft, 2015) TiE, &SKRE— 2oy 07 Ok
ZNZ 5 12 O\ T T VBRI Z AV, BRE— F2a v o Z3Et— R 2 O THIESh T, L
L, ZOHETHE, ZoOHERNCRIRSRO 8 Z T O ET 50BN H Y, T ORI HEOUEIT K #HE X
ZH LT -, 3Cik (Hamaguchi, 2019) Tif, B#EET L& WIS IR RE Y — R 2 VW5 Z Lo X
D, HEANCL > TRE SN A ERE— RAa v V0 7 OB Uiz, ARTETIE, M EIZER S 554
Bl AMELEHITRIAEN S o THIH U,  FRBHREN A B A i Y — AR 2 W CTHIR 5. fali b — RO EAT
FIOWEIITEEHT AT Y XA (GA) #FIAT 5. ERICLY, BEFEORDMEZHRT 5.

2. REBEE

FhrEEE (X 1 28) i (o, 2015) ERICHOZHAWE. EREIZe HRET LY 7Ry
7T 4 TR L, O LITREM THDMRIRY v 7 Zi%iE LTz, IREB I, 3EiEE e v & 2 fF
DY A0 YRR ENTEY, #EEHEDO X, Y, ZEFHOMEER HONC X, Y #hlE] Y O3 EH)N
S5, Wiks o7 EERICIX 2 O V—F—ZAEtERE L, ¥ 7A0 2 &G (X, Y i EoBIN) o
T EEEZAETSH. £z S &I DSPIC k> THIBA D ZEH L, DA X - TldREE A filf-4
5.

3. LRTLAER
ARFFECTIL, AR S XM E 25, DE— RRa v 7 aktgil L, K2 \ORTHIEFRET L (I
O, &0, 2012) TRAe v 72 Uiz, 2 O O-XYZ JEERATHE I EE S - ERTH 5. IE1
DI 0,810 DF— A > hOEIY SV S [EEROEE HFFEII()TH 26D, K2R T L1, Rk
7 HUL B BRBEDS L OALEZELD ) S vz b—H— 05 TR S N DR EEh & by 13Q) TH A biLs.

2 _ _ 2
J d ?‘ =—cl 6. ~4.~6.) Icos® @ —m(g+Z +% ) sin@ —ml, cos(d, +6.) d f" [cos @,
dt dt g dt 1
o (1)
—ml, sin(g, +6’6x)72"lsinﬁx -m(y, +¥,)lcos,
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by, =—Ltan(6,—¢,~0),) e

ZZT, J: oo mEN OIEMETE— A 2 h(J=mP), 60 : $REITIANG DIRT-OMEE, & SRE TN B O S OfF
X, m: AUV NOWENRER, ¢ SR, L: # 0 7 PLrbBllAE TOREE, [ SMETFES, ¢: &
FIMEEE, Iy : WIRERDOEIEETL O, 2> HIR T35 o £ TOMEHE, V. : Ik BHEOMMNBEHEETICE > THEL DM
o AN D Y BT NREE, Z, : #t A oMM EITIC L > TAEL D ol D Z SiF g, b, : #l
BR COMNEENE, 0. : WEEHEOMBRA, v, BIRGOEEIC L - TAE L DB O Y BT mEN, 2z, - W
REROBEIC L > THE L DIERD Z TN TH Y, hy (TFF AL h=10 [em] X W EFAIE, B4 13454
DERLOMEEIEE L. 6, ¢ O2BvhEL, X)), QEHBLEMET D Z EICk kN ELND.

. C /- . . g+zi +zZ Lo 1 .. .
0= (06~ 0u) =50~ b. — G4, )
h =-L(0.—¢.-0.) “4)

LMo T, YEHEO Y AT AHERRIFKG) &b, 22T, u: AREFHEOHRBEAT (=V,), ug, : FHERIC
BT oHHAT (=¢,) &L, di3ELEZERT.

X, =Ax,+Bu,+B,d,
5
yy:ny+cy ©)
ZZT
. . AT T T
xy:[9x59x5¢xa¢xaypayp:| 9yy:|:hya¢xaypj| ,lly:|:uy u¢(:|
.qT
dyz[yc (z.+2,)6, 9@(} ce,=[16, 0 of
0 1 00 00 01(; 0 o0 o1 (6)
_g& _° < 2 _ _ _
P P 00 I 10/110”6/0”1 L 0L O0O0O
A=| 0 0 01 0O0,B=|0 O,Bd_0 0 OC:OOIOOO
0 0O 0 0 0 O 0 1 0O 00 01 O
0 0O 0 0 01 0 0 0 0 0
Lo 0o 0 o000 |1 o] Lo 0 0
Thd. WakFEREITHOBIL, AT LAZ2EGEE CIdhBBIE cifh >, RO)ZEEBML L, ®Xx55.
yy(k):ny(k)—i-cy(k)
7277 L
T T
A, =exp(ATs), dej.o exp(AY;)drB, B, =.[0 exp(ATs)dz'Bd (8)

ZIT, (W EBEOY TR, TAXV T T EMERT. A TILT,=0.001 [s]TH L. 2B, d,
72 BN e TE B HICED (T 72V v A m o IR & P72 & N R E O 42 W CEINT 5
ZLENTED. Fi, XEHHOY AT ALERRICLTELNRD.
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4. FlE#GESIEZR
ABIFZETIISMELID I & AR it — AN 2 R HIAER & LTINS,

4-1 SELUDGIFIE (DS)

AMFFETIE, SIS K DB 2B S 2 2o /VELINHITIAE (BB DS & 3k50) #HWS. ZZ2TiEK3 o
Wi % BT T DIEEIC OV TR DD, oROKIHE L2 BT 258 b RERICE 2T, A HEORSRE(L
WX o THRIE S 712 5 IEE % DS IC L > T T 5 2 &R T 5. BRI, EREEOET T
v (K42 AHWT, R—=REERICBT HMEEOEN - BEEZRNT 5. WEE B WIEINE - KEITR
N5 & OISR ZEESE 5 Z L2 LY, BERICEET 2 L2054 5. B2 L 0 RKO)Eon 5.

RIR2 re B GCX ¢X
T2:AlA2: 0001/ ¢e:00+¢’ ac_ ecy ’ ¢: ¢y
gcz ¢z
A= R, ‘p A, = R, 'p,
0 0 0] 1 0 0 0] 1
10 0 cosf, 0 sing, [[cosh, —sinf, 0 )
R ={0 cosf, -sinf, 0 1 0 sind, cos@, O
0 sing, cosd, ||-sinf, 0 cosd, 0 0 1
1 0 0 cosg, 0 sing, ||cosg —sing, O
R,=|0 cos¢g, -—sing, 0 1 0 sing, cosg. O
0 sing, cosg, ||—sing, 0 cosg, 0 0 1

ZIT, ke @ SOEEERIZBIT DPRER T ODOMENRY MV EEE Opy, py HREOPEEER D D BT S D
ERETONMENY MV THY, £ EORZT, A TOIRIFITENTIIGAR, BKRERT. 4, A EIEEH
175, Ri, Ry :[BWEATH, 0., ¢: THEILEJEER CTERIID X JEAERDOERES, T EERTERIND X,
JERERDEEATH D, 7235, Zold 0. = 0 O & Z |2 T 2 iz 3T 2 ailmo Hfl -0 (FIHIEENC
BT, AlmOHEH O A OIER - RIS D) 18, D iEN—A T b— ML (BEEE) 1L, DX
T R b— ML (ER) IZEE SNTBEERTH D, WA OOWIIONE & BEVEZNE ro, ¢o &
THE, WEETLOELE Are=rc—r0, Ad=¢—do &70%. ZOEEEFELTH20, Wakad Lot
B EBBIN —Ar. & —AG 12720 LIRS ZEMES T 5. 7ok, 0. IFE A I Ty A v
EEFRESTHZEICLY, ¢ ITVIRGOIRER - LV R shb. 72k, %3 2 B Hk T EE—A (L
B FS & #50) & DS 20T 28541, DS ICX DHEBDOEN &L BB E TN T p,, ¢& LTROICHZDZ
LICED, FSIZEDANMNDSIZL->THR v reLrEdNRnk ot s,

¢ 'p 1IRIRZRONEETEN DRH SN D, i 13X 5~7 ZHW T TFO LI LTRDDH. 22T, AE
DEBNEAT HZ LI L > THEL S P OZELEE A, ZALHID i & %, Zfett%'p &35, %7, 6,

Goal
0.2m 0.1m 1 0.2m
2.88m ngvex 0.08m / \
0.2m 0.5m
Start Front view Side view
(a) Whole view (b) Convex

Fig. 3 Traveling road. The left-front driving wheel of the cart only runs over the convex.

[DOI: 10.1299/transjsme.19-00333] © 2020 The Japan Society of Mechanical Engineers



Yajima and Hamaguchi, Transactions of the JSME (in Japanese), Vol.86, No.883 (2020)

Fig. 4 Kinematics model of cart and active vibration reducer. This model is used for the disturbance suppression control.
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Fig. 5 Kinematics model in case of changing roll angle of cart when &, > 0.

DHWETHZ LI L > TEL DAY, ZHHT 5.

(i) 6,>02> 6.=0 DL
®5 kb, *ptiEsAL B

0 W,/ 2 o1 [w/2] [-W./2
°p’=0B=| 0|, OA=| 0 |, AB=OB-OA=|0 |- 0 |=| 0 (10)
H, 0 H, 0 H,

ZIT, HylFMEN O R—AT L — R TOEE, W IIEFERHES (FLry ) THS. Y #liED oBlEsfT
HI R, & AN TE{LE D AR, OB AR5 &

cosf, 0 sing, ~W, cos6,, [2+H,sind,
R= 0 1 0 | AB'=RAB= 0 (11)
—sin@,, 0 cosd, W, sin6,, / 2+ H,cosb,

W.(1-cosf,)/2+H,sing,,
OB’ = —OA + AB = 0 (12)
W, sin6, /2+H,cos6,
EoT, A'p TR LERD.
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Fig. 7 Kinematics model in case of changing pitch angle of cart when & <O0.

W.(1-cos6,)/ 2+ H,sinb,
Aopl = 01’1, - 01’10 = 0 (13)
W, sin@, [2+H,(cos6,, ~1)

(i) G,<07>> G.=0 DFE
A“Plai(i)®A0P1@X5}z§7\7j§IE//%\ﬁfk7iﬁ@, Zﬁkﬁj\tila1ﬁ&f£é
() (D)LY, O DBIETSH 2 L ickoTE LB A KR TR SN,

sgn(é’cy){Wc (l—cos 0, )/2+Hb sin|6, }
A’p, = 0 (14)
/8 sin|6’cy|/2+Hb (cos 0, —1)

WIZ, O DBINEALTHZ LIZ L > TELDAp ZEHT 5.

(i) =07 0,=0 OB
6 L0, *p AL 2D,

0 0 0 0
°p°=0B=| 0 |, AB=OB-0A=| 0 |-|-L |=|L, (15)
H, H, 0 H,

2T, LI A —AR_R—ATH S, XEhE Y OEEATH R, 2 W TE(LEDAB, OB #KH 5 &
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1 0 0 0
R, =|0 cos®, -sind, | AB =R AB=|L cosd, —H,sind, (16)
0 sind_ cosf, L sin6_+H,cosO,
0
OB ="p/ =OA+AB'=| L (cosd, —1)—H,sin6,, (17)

L. sin@, +H,cosO,

EoT, A'p 3L %.

0
Aopl = 0p1, - oplo = L(’(COS ecx _1)_Hb Sin ecx (18)
L.siné, +H,(cosd, —1)

(iV) 90)(<07b)0 Hcy:() O)%/El\
7 X0, °p°, 'p, A% IRA LD,

0 0 0
°p’=0B=| 0 |, "p'=R.OB=|-H,sin@,_|, A°p,="p ' -"p’=| —H,sind,, (19)
H, H, cosd,, H,(cosb,, 1)

(i), (V)EY, QuDHNBET D EIZE > THELUDA p TR TEIND.

0
L.(cos@ —1)-H,sind_ 60,20
L.sin6, +H, (cosb, —1
A%, < ILE it ) (20)
0
—H,sing, :0,<0
| H,(cosd,, 1)

LLEED, O, O DBFHICZALLIHAE DA p 13K14) ERQODTITH X B, ik, o= +A%P LV
bG.

4-2 RRBUKERREY—R (FS)

JEAMEARAFRI G Y — R (REfh, 1999), (Hamaguchi, 2019) % AW CTHIFEFIHZ1T5. DS & FS Z0FH L
7 my 7HRER 8 IRT. 2T, X, YHEIERTEHA DR T x, y ZEWT S, REHEEIZITAQD
DEF N~ 7 4VF G, 1K, 1989) WD, DA~ T 4 VB FA Y Kgn 1L, he & by (BT 2810
J A Rl A F N EI 207X 10°m2, 9.84X10°°m?, ¢ & ¢ \ZBIT 5 b D% 10 4rad, x, & 3, ICBT 5 0%
10 4m2, AT L A AOHFEAITTRT5.0xX10-1 & LTROE. x5, pP13(22), (23)TEFEL, DSIZ
Lo THONTEEHMAIENELTDH. £, WIKZ 710N 2MLUIRQH) R, 7 4—FRXv 7D b
& by OfEIE, RGEONRT X ORI Y EE VD

5 (k1) = A, (k) + By (k) + K, (7 (k) ~ C& (k)¢ (k) + B,d"™ (k) 1)

[gx éx P, ¢X v, y'p]T—[o 0 ¢ ¢fs yfs )'/fs]T: for the Y - axis

[0), 9), é, qiy X, )'cp]T—[O 0 ¢ qﬁfs x> )'CDST: for the X - axis

P P

22)
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\ ]

Kalman
filter

o FS

X
Lo e

Fig. 8 Block diagram of frequency-dependent optimal servo. High-order sloshing modes generated by the feedback
control input u are suppressed by inserting the pre-filter F ~'(s) of the second-order low pass filter. The disturbance

d S added to the plant decreases while using the disturbance suppression control (DS).

FS DS [hy 9. Yp :|T B |:L¢xDS ¢XDS yz?s ]T + fortheY -axis 23)
S [hx 4, x, ]T —[—L ¢fs ¢st xﬁs JT : fortheX -axis
. . . . - 7 ..DS DS :DS T . .
IS — g als - |:yc +¥, (Zc +zp)¢9x écx}T + [yp z, 0, ¢X JT. for the Y - axis o4
[XG +X, (EC +§p)t9y HCJ + [)'c'fs 70, ¢st] : forthe X - axis

Bl L = L— 2 B CIE, 2 IIEZGHEBI &2 /e 557 4 — RNw 7 7o VRS BiLD. 2 IEGEEHE
RSP kBB & ANCRES D AT B E A - B b O 2 BB AR # L X2 L— & LIRS, 22T
I, RRBICBIT 2 EAZ ESE L, ATNCET 2 BRI 2 /-8, Fe)k LThHEx 5. 2, X8I
RTEICT VT AT FU)ERAL, 74 NE~DOAN v ZHIIATE U Cheli L X = L— X Biin a4
HZEEEMRZ ERBITWAS. 22T, AN u il ks TR SN D ERE— RAT v v 7O
FRBMEE D720, FlaRQ5)D 2 WBENRTE 272, F )& 2 Da— A7 4 LR L] d 2L T&
5.

2
Dy

Fli(s)=— (25)

2 Tmxm

s% + 28 wys + 0

ZIT, e FAEBEL, OIFBEELL, Lo 1 E m AT m FIOBAATIITHY, AWETIIm=2 ThHDH. AW
i, (1L,1D)E— RAa v U ZJEMEEGN 131 radls TH-72DT, aep=13.1[rad/s]E L, ¢=1/N2 &Lz, ZD7 4
VB ERREZEMIFR T D LR L 70 D

{XF =Apxp +Bpv (26)

u=Cpxp

27

Thbd. N6 LT 2 &
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{xp (k+1)= Apyxp (k)+Bpyv (k)
u(k)=Cpxp (k)

LB, TIZT, Ap, BrlITNFN AR L Br BV LT HDOTH S,
7% e(k) =yadk)—y(k) & L, YERFRITRQYERD. 22T, pIXHEEIGEESE ST, BHEHy,
b5 (XE)zMH).

Ax, (k+1) [=| 0 A, 0 || Ax, (k) |+| By, |Av(K)

Ax™ (k+1) 4,  BC. o0 [ax"(k)| [0
F
2x2 e(

- (
e(k+1) -C. 4, -CB,C, 1 k) 0

T T
ydy:[hyd y]fj} =0,ysy:[hy yFSJ —CxFS+Fyy for the Y - axis

=0, y,, :[hx xFS] = Csxfs +F,y, : fortheX-axis
0 0} {1 0 0}
JF, =
10 0 00
2 WIEAGHIER J 13k CEREN .

J = Z[XFw ) Qo Xy, () + AT (k) Av (k) ]

=72l
Ax” (k)
X, =| Ax,. (k) |, O, =Blockdiag(Q, 0, Q,)>0
e(k)
Thsd. RB)ZER/MNITHHIERNE, &Kl = L—XHmc L vk ThEZon5.
FS (k)
M (K)=K, X, (K)=[-K. -K, K.]| A, (k) |=-K Ax™ (k)-K,Ax, (k)+ K (k)
e(k)
ZZT
4, BC, 0 0
¢Fsv = 0 AFd 0 s FFsv = BFd s Kl'w - (I2><2 +F;s-vPerrw) FI—EWPF\'vdjru
_CsAd _CsBdCF IZXZ 0

(28)

1L 0T

(29)

(30)

GD

(32)

(33)

(34)

THY, Pro | TFEEEIE Riccati FREROMETH 5. PR e(0) =0, FIHMREEAS0)=0 & L, X (33)L Y vkl

ONWTHES &, D7 40— KXo 7 ATInEoins.

v(k) =—K,.x" (k)- K . x, (k) +K_Wzk:e( 7, x®(0)=x,(00=0
4:3 GAICKBREY—ROEHREAE
X3B2)D Q & Q. E2RAD L HITH AT,

(35)

[DOI: 10.1299/transjsme.19-00333] © 2020 The Japan Society of Mechanical Engineers



Yajima and Hamaguchi, Transactions of the JSME (in Japanese), Vol.86, No.883 (2020)

0, =diag(g;,0,0,0,0,0), Q, = diag(q,.q3), Q, =diag(g,,0,0,0,0,0), @, =diag(gs,q) (36)

qi~qs DfiEiz GA (&, 2001) ZHAWTRET S, ZZTlE, A+ Y a— KU GA 2. | B5% 11bit TH
L7=DT, BIETRIZ66 bt £7ed. KICHEETHETRT. NAF U a— RIRAUTLY, EEOMICEHRS
n5.

%=E§?44+DXNM”J:1~6 (7)

ZIT, on, eld, FRENALERD AL 8 bit & FAL3 bit TR L 2HEBRDETHS. BIGHIEMES LT, L—
Ly MRR, =V — MEFR, SN0y MR K D98/ RE V-, GA O/RT A—4213, {#
%30, 28X 60%, ZERAEIE 1 10%, RS 300 & L7z, GA DG J, 1%, RAEEEZIZ,
MWD, FS DT 4 — RN T A U PNA T A AT DI NE I EBEZTRAE LT, FS D7 4 — RNy I 57
A UINATA N2 D E ATIDIRBINC 72 > TEIRE— RERIEE Lo <20, a X MEEMRHILT 5.

1 Ipl Ip2 J‘: (‘ hx [+ hy |)dt
gy I | L=t L el

Fsvx ||

M

) (38)

Fsvy
pl P2
Z 2T, L IHIEVERERTATEEL, L. 13 X, Y #ESCTREVTD FS DILKAD T 4 — KX 77 A v ) VA,
LI R 2 b— g R TR, b ITERIRIENL, p 13T T, 1, 1,13FNEH Qr DNENATHITH S
EEDL E L, DIETHY, alFEATHDH. I T, 4=20[s1& L, L1, L ZFRBREICEHIT 5729, a=05
ELTE LpllBWTC, Ly, Ly DA—F—NRE BpDH20, Thenl,, 1, THo ThH—4—%&bii.
N ZEEN R by, by DIRIEE 7 4 — Ry 7 P A 2 ) VAN SWIEEHEEE LITKRE 25, T7bb, HAE
DREVRIFEE R RE G200 705, T2, LLFTORKINGENEZ 2> Thiliiz S 55612p =10
L, TRTMELESESICEp=0 & L.

(S1) &7 7 F a2 —HZEM+0.1m LN
(S2) &7/ F 2= —HHEL02m/s DN
(S3) &7 7 F a2 — X NHE 9.8 m/s*> LIN

(SH~(SNTFBRIEB DO N— R =7 EOFHFKITH D, S DHFISMIC LY, FEERIEE CRITAIRE/ R4
KHDHZENTED, EfTRKEIT, X7 OKEE L, ETEE 024 m/s, N 0.8 m/s> ORZEEIIE CHEAR
EITSHED. ETORS, LERigDOHNIMTICEY ERDb0ET 5. WHEREZ T X MIh %2, GA DBERE S
FAT>70. 5 EIOWEMREF T, &b J, PRED o T2 MERER Q' & Lo, ZOEAEZR1ITRT.

4-4 EEOBIEME - BS
DS IZ X 28EEE FS OFIEHAT) u 7> H#kH O BN E & BFEEEAEZRHT 5. K108 7 X912, FS O
AT ug, g \Z K DWIEBNLE Py, "5, 2" IR L > TR S S (RO, 2015).

X% =—L cosgtang”, yI* =L cosgtang”, z° =1L, (l—cosa) 39
ZZT
P +o)s o = [[ugr's o = [Ju, 0)

[DOI: 10.1299/transjsme.19-00333] © 2020 The Japan Society of Mechanical Engineers



Yajima and Hamaguchi, Transactions of the JSME (in Japanese), Vol.86, No.883 (2020)

q, q; 9
A S A

70011011001 10110010110 « + - 00101110101
NP GV N S i

n, e n, e, g €,

Fig. 9 Genotype for the weighting matrix of the frequency-dependent optimal servo. The weighting

matrix is determined using a genetic algorithm.

(a) General view (b) Inx-zplane (¢) Iny-zplane

Fig. 10 Position of endplate calculated by the control input of the frequency-dependent optimal servo (FS).
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Table 1  Quasi-optimum weighting matrix Q" of the frequency-dependent optimal servo.

7 9.766x10?
4 9.375%10"!
g3 9.375%107
g4 7.031x10°
gs 3.594

g6 7.813x10

o
S
[\
o
S
[\

hy [m]

—Without control |
—DS only

Without control
—DS only

il l\“” .('H\ Il \(\N '\‘\I\lu

20

g
S
S —_
T T T T
=)

<)
o
=t

-0.01}-

Displacement of liquid level ,
Displacement of liquid level, 4, [m]

o
=3
1
o
o
S

10 ‘ 20

ON T
—
[w)

0.2 , T , 0.08 , ‘ ,
—4 » —
0.1 o

0.1F ]

S
(e
=

Angle of end plate [rad]
T T =) T T
1
Position of endplate [m]
(=]

- L | L | s 1 n
0'20 10 20 0'080 10 20

Time [s] Time [s]

© (d)

Fig. 11 Experimental results of damping control using the DS alone. The damping effect achieved by using DS is verified
through comparison with the result without control. The amplitudes of %x and A, using DS are almost halved

compared to those without control.
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Table 2 Damping performance index I, in experiment. Using both DS and FS, the damping performance improves by

approximately 79% compared to without control, and 18% compared to using FS alone.

Run number 1 2 3 4 5 Average Rate [%]
Without control 0.10081 0.10160 0.09025 0.09578 0.10100 0.09789 100.0
FS alone 0.04086 0.03864 0.38445 0.03731 0.03597 0.03825 39.1
DS +FS 0.02090 0.02041 0.02118 0.01987 0.02074 0.02062 21.1
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Fig. 12 Experimental results of damping control using both DS and FS. Although residual vibrations exist in the case

of DS alone, as shown in Fig. 11, almost no residual vibrations are generated by using both DS and FS.
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